Mitochondrial dysfunction contributes to the pathogenesis of many neurological diseases, including multiple sclerosis (MS), but is not directly measurable in vivo. We modeled N-acetyl-aspartate (NAA), which reflects axonal structural integrity and mitochondrial metabolism, with imaging measures of axonal structural integrity (axial diffusivity and cord cross-sectional area) to extract its mitochondrial metabolic contribution. Lower residual variance in NAA, reflecting reduced mitochondrial metabolism, was associated with greater clinical disability in MS, independent of structural damage.
Introduction
Mitochondrial dysfunction in the pathogenesis of multiple sclerosis (MS) is receiving increasing attention (Dutta et al., 2006) . Decreased N-acetyl-aspartate (NAA) concentration, measured by 1 H-MR spectroscopy (MRS), reflects a combination of both neuronal/axonal loss (Bjartmar et al., 2000) and reduced mitochondrial metabolism (Bates et al., 1996) . Isolating the mitochondrial metabolic component of NAA would improve our understanding of disease mechanisms in the CNS.
We propose an indirect estimation of mitochondrial metabolism in vivo by statistically modeling the NAA concentration with imaging measures that reflect structural axonal damage, such as axial diffusivity (derived from diffusion tensor imaging) and cord cross-sectional area (derived from volumetric imaging). In particular, reduced axial diffusivity reflects axonal degeneration (Kim et al., 2006) , especially in regions of high fiber coherence, and reduced cord cross-sectional area is found in association with axonal loss (Miller et al., 2002) . Thus, we assumed that the structural contributions to NAA were explained by axial diffusivity and cord cross-sectional area; therefore, the residual variance in NAA, when modeling all three variables, contains information specific to neuronal mitochondrial metabolism. We performed this methodology in patients with MS, studied with spinal cord imaging 6 months after a spinal cord relapse. The residual variance in NAA concentration was then used to determine whether the metabolic component of NAA was associated with neurological disability independent of measures of structural damage.
Materials and Methods
Thirteen MS (McDonald et al., 2001 ) patients were clinically assessed on the Expanded Disability Status Scale (EDSS) (Kurtzke, 1983) , 9-hole peg test (9HPT) , timed 25-foot walk test (TWT) and MS Walking Scale-12 (MSWS12) (Hobart et al., 2003) six months after a spinal cord relapse, which was due to a C1-C3 lesion (Table 1 ). The average of two trials for each hand of the 9HPT and the inverse of the mean of two trials for the TWT were calculated . Thirteen age-matched healthy subjects were studied (Table 1 ). All subjects underwent four spinal cord imaging protocols at 1.5T.
First, we used T2 and proton density-weighted imaging [repetition time (TR) ϭ 3300 ms, echo time (TE) ϭ 110 ms and TR ϭ 3000 ms, TE ϭ 8.9 ms, respectively; echo train length 33 and 11, respectively; field of view (FOV) ϭ 240 ϫ 240 mm 2 , matrix ϭ 256 ϫ 224, interpolated to 512 ϫ 512, 12 contiguous sagittal-oblique (Fig. 1a) and coronal-oblique slices, 3 mm slice thickness]. One patient, showing swelling of the cord at the level of the lesion, was excluded from analysis. The next analysis was performed with MRS with the proton brain examination point resolved spectroscopy sequence (TE ϭ 30 ms, 192 averages) with chemical shift selective water suppression, cardiac gating [TR ϭ 3 R-R intervals (ϳ3 s)], and spatial saturation pulses. A single voxel was placed on coronal and sagittal T2 images along the main axis of the cord between C1 and C3 (Fig. 1b) , as previously described (Ciccarelli et al., 2007) . The LCModel was used to calculate the concentration (in mM) and the percentage SD of the total NAA, which was retained if the percentage SD was lower than 20, according to the LCModel manual (version 6.2-0) (Fig. 1e) . All spectra acquired met this criterion and were retained.
The third analysis was performed with contiguous zonally magnified orthogonal multislice echo-planar imaging [CO-ZOOM-EPI; TE ϭ 96 ms, cardiac gating, six nondiffusion weighted (b0), diffusion gradients applied along 60 optimized diffusion-weighted directions, maximum b factor ϭ 1000 s/mm 2 , FOV ϭ 70 ϫ 47 mm 2 reconstructed to 1 ϫ 1 mm 2 , 30 contiguous axial slices, 5 mm slice thickness] (Dowell et al., 2009 ). The diffusion tensor was estimated on a voxel-by-voxel basis with the RESTORE (robust estimation of diffusion tensor with outlier rejection) algorithm (Chang et al., 2005) , using Camino software (http://web4.cs. ucl.ac.uk/research/medic/camino/pmwiki/pmwiki.php). Three patients' datasets containing four volumes (6%) affected by imaging artifacts were excluded from the analysis. Maps of axial diffusivity, which is the principal eigenvalue of the diffusion tensor and represents the preferential direction of water diffusion aligned with the main orientation of axonal fibers, were obtained. The directionality of the principal eigenvalue compared with the spinal cord anatomical structures was visually checked in each subject by displaying the principal eigenvector on the corresponding fractional anisotropy map (Wheeler-Kingshott and Cercignani, 2009 ). Reduced axial diffusivity reflects axonal degeneration (Kim et al., 2006) .
Four regions-of-interest (ROIs) were placed on the b0 images between C1 and C3 (on the basis of the slice prescription) in the white matter columns, where white matter tracts are located, and then automatically transferred to axial diffusivity maps (Fig. 1c) . The ROIs were carefully placed to minimize partial volume effect originating from the CSF; they included both lesions and normal-appearing tissue, as it was not possible to distinguish the lesional area from the normal-appearing tissue on the b0 maps. For each subject, the mean value of axial diffusivity of the four ROIs was calculated. In addition, for each subject, the mean axial diffusivity of the whole spinal cord between C1 and C3 was also calculated by contouring the spinal cord on b0 images using a semiautomated thresholding technique (Plummer, 1992) and then automatically transferring these regions to axial diffusivity maps.
The final analysis performed was volume-acquired, inversionprepared, fast-spoiled-gradient recalled (FSPGR) sequence (TR ϭ 13.2 ms, TE ϭ 4.2 ms, inversion time ϭ 450 ms, flip angle ϭ 20°, FOV 250ϫ250 mm 2 , matrix 256ϫ256, 60 contiguous sagittal slices, 1 mm slice thickness). The cord cross-sectional cord area at C2-C3 was calculated using a semiautomated method (Losseff et al., 1996) (Fig. 1d) . Reduced cord area in patients when compared with controls suggests ongoing neural degeneration (Miller et al., 2002) . Statistical analysis. Differences in imaging measures [NAA, axial diffusivity of both the spinal cord columns and the entire spinal cord (i.e., white matter and gray matter) between C1 and C3, and cord cross-sectional area] between patients and controls were assessed using the Mann-Whitney U test, as these were not normally distributed.
In MS patients, we assumed that NAA concentration is explained by the combination of axonal structural integrity and mitochondrial metabolism. This relationship can be represented in general linear as: Y ϭ X 1 ϩ X 2 ϩ . Y is the NAA concentration, X 1 is the axial diffusivity of the spinal cord columns, and X 2 is the cord cross-sectional area. is the residual variance in NAA concentration (termed ResNAA) after accounting for axial diffusivity and cord cross-sectional area, and should possess information about mitochondrial metabolism. We assumed that all the structural contributions to NAA concentration were captured by these two structural measures, although minor axonal loss not reflected by these in vivo measures cannot be excluded. A similar rationale behind this statistical approach was previously applied with success (looking at functional imaging measures) (Toosy et al., 2005) .
Next, to determine the association between ResNAA and clinical disability, an ordinal logistic regression was run using three EDSS categories (EDSS Ͻ 3.0; EDSS between 3.5 and 5.0; EDSS Ͼ 5.5) as dependent variables and ResNAA as covariate. For 9HPT, inverse TWT and MSWS12 linear regression analyses were used, entering the clinical score as the dependent variable and ResNAA as covariate. To corroborate findings obtained with this analysis, multiple regression analyses were performed, selecting total NAA as the dependent variable and the clinical scores (i.e., three EDSS categories, 9HPT, TWT, and MSWS12), axial diffusivity in the spinal cord columns, and cord area, as independent variables. This tests whether disability was associated with NAA while adjusting for structural axonal loss, as measured by axial diffusivity in the spinal cord columns and cord area.
Considering that the NAA concentration was measured in a voxel encompassing both gray and white matters, the whole analysis was repeated by specifying a general linear model that included the axial diffusivity of the entire spinal cord (i.e., both white and gray matters) between C1 and C3, instead of that confined to the spinal cord columns; this new ResNAA obtained was then associated with clinical scales by using regression analyses, as explained above. Multiple regression analyses were then run to test whether disability scores were associated with NAA while adjusting for axial diffusivity of the entire spinal cord and cord crosssectional area.
Statistical analyses were performed using SPSS 11.5 for Windows. p values Ͻ0.05 were considered to be significant. 
Results
Patients showed lower NAA concentration and cross-sectional cord area than controls; there was no difference in axial diffusivity of the spinal cord columns or the whole spine between patients and controls (Table 1) . In patients, ResNAA was associated with disability. In particular, patients with higher ResNAA (greater mitochondrial function) were less likely to have higher EDSS (greater disability) [odds ratio ϭ 0.09, p ϭ 0.034, 95% confidence intervals (CIs) ϭ 0.01 and 0.84] (Fig. 2a) . Lower ResNAA was associated with worse walking ability, as measured by TWT and MSWS12 [inverse TWT: p ϭ 0.024, parameter estimate (PE) ϭ 0.026, 95% CIs ϭ 0.004, 0.05; MSWS12: p ϭ 0.013, PE ϭ Ϫ10.7, 95% CIs ϭ Ϫ18.4, Ϫ2.9) (Fig. 2b,c) .
For the multiple regression models, greater NAA itself was associated with lower EDSS (lower disability) (PE ϭ Ϫ2.063, p ϭ 0.012, 95% CIs Ϫ3.49, Ϫ0.64) and better walking ability (inverse TWT: PE ϭ 50.1, p ϭ 0.031, 95% CIs 6.5, 93.7; MSWS12: PE ϭ Ϫ0.14, p ϭ 0.012, 95% CIs Ϫ0.24, Ϫ0.04). NAA was not associated with axial diffusivity of the spinal cord columns (EDSS: PE ϭ 0.002, p ϭ 0.5; TWT: PE ϭ 0.004, p ϭ 0.2; MSWS12: PE ϭ 0.005, p ϭ 0.1) or cord cross-sectional area (EDSS: PE ϭ 0.03, p ϭ 0.7; TWT: PE ϭ 0.09, p ϭ 0.3; MSWS12: PE ϭ 0.09, p ϭ 0.2). This suggests that the relationship between NAA and clinical disability is preserved after simultaneously adjusting for the structural components of NAA and so is very likely to be determined by its metabolic component.
When the analysis was repeated using the mean axial diffusivity of the whole spinal cord (C1-C3) instead of the spinal cord columns, similar significant results were obtained; in particular, lower ResNAA was associated with greater disability, as measured by EDSS (odd ratio ϭ 0.13, p ϭ 0.039, 95% CIs 0.02,0.9), TWT ( p ϭ 0.013, PE ϭ 0.025, 95% CIs 0.007, 0.04) and MSWS12 ( p ϭ 0.008, PE ϭ Ϫ10.1, 95% CIs Ϫ16.8, Ϫ3.4). In addition, greater NAA itself was associated with lower disability, as measured by EDSS (PE ϭ Ϫ1.95, p ϭ 0.009, 95% CIs Ϫ3.24, Ϫ0.66), TWT (PE ϭ 51.1, p ϭ 0.015, 95% CIs 13.5, 88.7), and MSWS12 (PE ϭ Ϫ0.14, p ϭ 0.007, 95% CIs Ϫ0.23, Ϫ0.05) when adjusted for axial diffusivity of the entire spinal cord and cord cross-sectional area, which were not significantly associated with NAA (PEs and p values for axial diffusivity in the entire spinal cord in the models with EDSS, TWT, and MSWS12 were as follows: 0.001, p ϭ 0.6; 0.006, p ϭ 0.1, and 0.006, p ϭ 0.07, respectively. PEs and p values for cord cross-sectional area in the models with EDSS, TWT, and MSWS12 were as follows: 0.02, p ϭ 0.8; 0.11, p ϭ 0.1, and 0.1, p ϭ 0.2, respectively).
Discussion
Our findings show that this novel approach is clinically relevant, and can be used to estimate in vivo the component of NAA, which is unexplained by structural measures and, therefore, may reflect mitochondrial metabolism; and to assess its relative contribution to disability. This method may be extended to other disorders and areas of the CNS and include other structural imaging measures, as long as they are calculated in the same region. Hence, it has great potential. There are, however, several considerations. Although more complicated models can be used to estimate the mitochondrial metabolic component of NAA, we started with a simple model and used parameters that were chosen a priori. Our analysis assumes that the residual variance within the patient group in NAA represents mitochondrial metabolism after taking into account the structural contributions of axial diffusivity, as measured in the spinal cord columns, the entire spinal cord, and cross-sectional cord area, which were chosen a priori. However, ResNAA may be influenced by some noise, which is inevitable in imaging studies. This may predispose to type II rather than type I errors. Furthermore, axial diffusivity was not significantly different between patients and controls. Therefore, we conducted a post hoc analysis that reevaluated ResNAA with cord crosssectional area only. We found that the correlations between the resulting ResNAA and disability remained significant (data not shown), suggesting that, in this particular patient cohort, axial diffusivity did not contribute to the model.
The ROIs used to estimate NAA and axial diffusivity included both lesions and normal-appearing tissue, potentially subjecting them to partial volume confounds. Despite this, and the relatively small cohort, which, however, was studied during the remission phase following an acute relapse, significant effects were still observed, suggesting that this technique is sensitive at extracting mitochondrial metabolism contributions. Also, mitochondrial dysfunction in MS is probably not confined to lesions but also present in normal-appearing tissue (Mahad et al., 2008) . Therefore, partial volume effects may not dilute the NAA metrics as much as anticipated. Further technical developments and the use of high magnetic fields will increase spectral spatial and temporal resolution and signal-to-noise ratio. The ROI approach used for the analysis of diffusion maps allowed us to calculate the axial diffusivity within the white matter cord columns, i.e., in regions of high fiber coherence. In addition, we repeated the whole analysis by calculating the axial diffusivity in the whole spinal cord from C1 to C3 (i.e., both white and gray matters), and significant findings were confirmed. With regard to the association between mitochondrial function and disability, we found that the residual variance in NAA concentration, after accounting for structural measures (axial diffusivity and cord cross-sectional area), is significantly associated with clinical impairment (EDSS, TWT, and MSWS12) in MS patients after a cervical cord relapse. This is independent of measures of structural integrity, which do not correlate with disability, supporting the hypothesis that mitochondrial dysfunction plays an important role in contributing to disability in MS. Our additional analysis shows that NAA concentration is associated with disability while adjusting for structural measures, suggesting that the relationship between NAA and disability is not explained by axonal loss, but possibly by the metabolic component of NAA.
Future studies will explore the role of mitochondrial dysfunction, estimated indirectly by combining imaging measures in strategic brain regions, in determining disability in MS. We focused on the spinal cord because this region plays a key role in causing clinical impairment, and imaging measures of neurodegeneration in this area are robust. We have previously shown that, in the same group of patients, there was a sustained increase in the spinal cord NAA concentration between 1 and 6 months, which was concurrent with the development of cord atrophy and correlated with clinical recovery (Ciccarelli et al., 2010) , in agreement with previous brain studies ( De Stefano et al., 1995) . This suggested that increased mitochondrial metabolism is a compensatory repair mechanism.
In conclusion, the importance of the metabolic component of the NAA will need to be further investigated in view of possible applications to trials that assess agents targeting mitochondrial activity to prevent axonal loss.
